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Microwave-assisted hydrothermal method was applied to synthesize BaZr1−xHfxO3, (BZHO) solid solutions at low temperature,
140◦C, and relative short times, 160 min. The detailed features of the crystal structure, at both short and long ranges, as well
as the crystal chemistry doping process, are extensively analysed. X-ray diffraction measurements and Raman spectroscopy
have been used to confirm that pure and Hf-doped BZO materials present a cubic structure. Extended X-ray absorption fine
structure (EXAFS) indicate that Hf4+ ions has replaced the Zr4+ ions on the 6-fold coordination and a subsequent change on
the Ba2+ 12-fold coordination can be sensed. X-ray absorption near-edge spectroscopy (XANES) measurements reveal a local
symmetry breaking process, associated to overlap of the 4d – 2p and 5d – 2p orbitals of Zr-O and Hf-O bonds, respectively.
Field emission gun (FE-SEM) and high resolution transmission electron microscope (HRTEM) show the mesocrystalline nature
of self-assembled BZHO nanoparticles under dodecahedron shape. In addition were performed first principle calculations to
complement experimental data. The analysis of the band structures and density of states of undoped BZO and doped BZHO host
lattice allow a deep insight on the main electronic features. The theoretical results help us to find a correlation between simulated
and experimental Raman modes and allow a more substantial interpretation of crystal structure.
1 Introduction
The modern scientific research is constantly looking to inno-
vations and it could not be different for highly promising sys-
tems as perovskite based materials1–3.
As a typical perovskite material, barium zirconate (BaZrO3,
BZO) is of both fundamental interest and practical importance
in many applications. This material is chemically and ther-
mally stable4,5, as well as their optical properties were ob-
served under different circumstances, since quasi-amorphous
compounds6 through quasi-crystalline systems6,7 and finally
to periodic crystals8,9. BZO presents cubic perovskite sym-
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metry with ZrO6 octahedral and BaO12 cubooctahedral clus-
ters. All individual or conjugated clusters contributing to
both electronic and optical properties such as a high dielec-
tric constant and a reasonable wide band-gap around ∼ 5.4
eV10, which are important properties for energy related ap-
plications. In particular, these properties have made pos-
sible the BZO application as superconductor pinning cen-
ters11,12 to improve the typical superconductive features. Re-
cently, Borja-Urby et. al. reported the photocatalytic activ-
ity for pure BZO and Bi doped BZO. In both cases the pho-
tocatalyst efficiency depends strongly of Bi content as well
induced defects13. Recently, we have reported first order
Raman modes for BZO system synthesized by microwave-
assisted hydrothermal (MAH)7 method assigned to local dis-
order, which are responsible by its emergent optical features.
In addition, others optical properties have been discovered
such as the conversion of ionizing radiation into visible light
for BZO obtained by the same methodology14.
The exploration of optical transitions covers a broad range
of luminescent applications of perovskite based materials, in-
creasing the interest and design of these functional materi-
als. Introducing a small amount of foreign elements (usu-
ally transition metals or rare-earth element)15 into the con-
ventional metal oxide or to make solid ternary solid solution,
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which can display compositionally tunable properties, are well
known strategies used to manipulate the band gap value16.
The dopant’s may generate new energy levels between the va-
lence band (BV) and conduction band (CB) of the metal oxide
resulting in a reduced minimum light absorption energy gap of
the host lattice. This process is capable to tailor the electronic
structures by establishing new energy bands or localized im-
purity levels into the band gaps, and thus to extend the light-
response range. Then, it is the key for the appearance of new
properties and the potential applications have pushed forward
increasing demands of more systematic and profound under-
standing on, say, crystalline structures and transformations
among the polymorphous, defect and coordination chemistry,
symmetries of local environments surrounding dopant’s and
so on.
MAH method has demonstrated its efficiency in the synthe-
sis of materials with new and/or intensified properties17–21.
The advantages of this synthesis method are the strong re-
duction over the time and temperatures even compared with
hydrothermal and/or solvothermal conventional methodolo-
gies22,23. Other relevant aspect is the microwave radiation ac-
tion producing besides the temperature increase, also rise the
ionic conduction, charge polarization and possible hot spots
throughout the solution24,25. All these intrinsic features of
microwave heating are able to be responsible for local and/or
periodic distortions, together or separately. In this respect, we
present the first study of the effects on Hf-doped BZO ma-
terial, by using he MAH method, to obtain BaZr1−xHfxO3,
x = 0.01, 0.02, 0.04, 0.08 and 0.16, (BZHO) solid solutions.
To truly understand the both short and large-range structures,
different experimental techniques as well as first principle cal-
culations have been carried out. The results are correlated
with two techniques probing the local features of structure and
bonding, i.e., X-ray absorption near-edge spectroscopy (EX-
AFS) and Raman spectroscopy26. These techniques comple-
ment x-ray diffraction (XRD) measurements. The XANES
is able to determine the chemical surrounding (e.g., crystal
field, density of unoccupied states, and the orientation of the
specimen with respect to the polarization of the photon)27,28.
Typically, measurements are made in transmission mode if at-
tenuation length of the photon in the material being analysed
is sufficiently long; however, in the soft X-ray region, due to
small attenuation length, XANES measurements are made by
detecting total electron yield (TEY), which is surface sensi-
tive29. In the case of BZHO the absorptions of Zr K-edge
and Hf LIII-edge can be obtained by XANES/EXAFS trans-
mission mode, while for Ba LIII-edge and Zr LIII/LII-edge the
TEYmethodology is more appropriated to operating condition
of National Synchrotron Light Laboratory (LNLS). The X-ray
absorption spectroscopy (XAS) has been applied in many case
to investigate the local distortions of BZO perovskite26,30. On
the other hand, Raman spectroscopy is able to investigate the
polarizations of both asymmetric and symmetric bonds into
the crystal31, and first-order vibrational modes can be used to
study local distortions26.
2 Methods and Model Systems
MAH method i.e. hydrothermal synthesis under microwave
radiation was developed as follows: firstly the concentrations
of Hf atom were chosen obeying the “2n” model, where “n” is
the ordinal number and the result correspond to the Hf atom
concentration. Then, with n = 0 the Hf concentration is 1%,
with n = 1 is 2%, and so on. All precursors were metal chlo-
rides and have the analytical grade in order of 99%. Each
precursor was diluted in double deionized water under con-
stant stirring at 50◦C to avoid and/or prevent the carbonate for-
mations. The molar concentrations of host matrix is 0.01054
mol/L for Ba and Zr atoms, being the Hf concentration a mo-
lar percentage of Zr with n = 0, 1, 2, 3 and 4. After mixed, the
precursors were co-precipitate by KOH at 6 mol/L and imme-
diately transferred to closed 110 mL polytetrafluoroethylene
vessel, placed into microwave system.
Microwave system applies 2.45 GHz of radiation (Support
information S1) with a maximum output power of 800 W.
The reaction mixture was heated to 140◦C in less than 1 min
(at 800W) by a direct interaction between water molecules
and microwave radiation, keeping at this temperature for 160
(BZO160) min under pressure of 2.5 Bar. Afterwards the mi-
crowave annealing the final white powders were washed by
double deionized water till pH = 7 and finalized by absolute
ethanol straining. The powders were dried at 80◦C over night
(around 12 h) in stove.
Several experimental characterization techniques were car-
ried out, as X-ray diffraction by Rigaku DMax 2500PC using
Cu Kα1 (λ = 1.5406 Å) and Cu Kα2 (λ = 1.54434 Å) ra-
diation. The Raman spectra were recorded on a RFS/100/S
Bruker Fourier transform Raman (FT-Raman) spectrometer
with a Nd:YAG laser providing an excitation light at 1064 nm
in a spectral resolution of 4 cm−1 and keeping its maximum
output power at 85 mW. To analysis the morphology and crys-
tal growth orientations the scanning electron microscope Zeiss
VP Supra 35 equipped with a field emission gun (FE-SEM)
and transmission electron microscope high resolution (TEM)
Philips CM200, 200 kV with microanalysis. For XANES was
chosed the Zirconium K and LIII-edge X-ray absorption and
the spectra were collected at the LNLS (National Synchrotron
Light Laboratory) facility using the D04B-XAFSII and D04A-
SXS beam lines respectively. The LNLS storage ring was
operated at 1.36 GeV and 160 mA. The Zirconium K-edge
XANES and EXAFS spectra were collected in transmission
mode at room temperature while in the soft x-ray region, due
to small attenuation length, the Zr LIII-edge XANES measure-
ments are made by detecting total electron yield (TEY), which
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3.4 Microscopy and Microanalysis
The scanning images provide information to evaluate the mi-
croscopic possible influence of dopant contents over shape
and size of the samples. A detailed analysis of the results
shows that the shape of decaoctahedral BZO was slight af-
fected by increase of Hf amount. In Figure 11 the smoothing
effect of the decaoctahedral edge between adjacent facets is
evident, i.e. a morphological change takes place, from decaoc-
tahedral shape to form a quasi-spherical assembled particle as
increases the Hf content. We can also observe that the self-
assembled process become more evident, probably due to the
slight increase of individual nanoparticles. Recently, we have
observed a reversed crystal growth process to pure BZO com-
pound as a result of competition between self-assemble and
Oswald ripening processes47. In this case the introduction of
Hf seems to prevent the Oswald repining, due to increased
growth of individual grains or/and by homogenization of the
grain size distribution, avoiding a great reversed crystalliza-
tion process as observed to pure BZO47.
Fig. 11 FE-SEM images of decaoctahedral BZO and the surface
smoothing for samples doped with hafnium.
One way to estimate the Hf content is microanalysis per-
formed by FE-SEM. In the Table 2 the Hf concentration pro-
posed and results obtained from microanalysis are presented.
An analysis of these results allow us conclude that the Hf was
well included into the BZO host lattice for all concentrations
until 8%, except to 16%, which report only 12,5∼ 13% of Hf.
Then, this result allows us to use the largest concentration of
Hf to carry out the simulations.
Table 2 FE-SEM Microanalysis for BZO and BHZO samples.
Samples Nominal Hafnium content (%) Microanalysis (%)
BZO 0 0
BHZO - 1% 1 2.45
BHZO - 2% 2 2.72
BHZO - 4% 4 3.88
BHZO - 8% 8 7.28
BHZO - 16% 16 12.34
TEM reveals a mesocrystalline feature of the BHZO sam-
ple with 13% of Hf as indicated by microanalysis. It’s impor-
tant note that the interplanar distance d = 0.303 nm was not
changed if compared to pure BZO lattice as can be seen in
Figure 12b. The decaoctahedral shape are still easily identi-
fied for same particles in the bright field image 12c for sample
BZHO with 16% of Hf, however in the Figure 12d the most
part of the particles have a tendency to the spherical shape.
Fig. 12 Transmission electron microscopy of decaoctahedral BZO
evidencing the typical d-spacing of BZO associated to the schematic
model to surface (hkl) exposed.
4 Conclusions
In summary, the main conclusion of the present work can be
summarized as follows: i) By means of MAH method, we
have successfully introduced Hf into the BaZrO3 (BZO) host
lattice to form a solid solution BaZr1−xHfxO3, x = 0.01, 0.02,
0.04, 0.08 and 0.16, BZHO. Hf4+ ions are successful intro-
duced in perovskite-type cubic structure to substitute for Zr4+
ions on the 6-fold coordination. ii) The periodic structure, i.e.
long-range structure was not strong affected by the Hf intro-
duction, while the local symmetry, i.e. short-range structure
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was modified and hence the electronic structure presents a new
behaviour. iii) TEM analysis point out the mesocrystalline na-
ture of self-assembled BZHO nanoparticles under decaoctahe-
dral shape. iv) XAS patterns are able to determine in which
site Hf was introduced in the host lattice and assign short-
range distortion on Zr-O and Hf-O bonds. v) Band structures
corroborate XAS results showing the split on states of con-
duction band due to 5d orbitals of hafnium. By density of
states is observed a low contribution of 5d orbitals. However
they are capable to introduce the split on band structure. vi)
The introduction of the 5d states changes the polarization of
structure modifying the original Raman mode. These is con-
firmed by the good correlation found between simulated and
experimental Raman results. vii) This features can be use to
interpret the electronic and optical properties of this system as
a luminescence emission at room temperature for crystalline
perovskites.
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